An artificial membrane system was developed to study the molecular basis for interaction of pp6O-src, the Rous sarcoma virus transforming protein, with lipid bilayers. pp6o-src was extracted from cell membranes by detergent solubilization and reincorporated into phospholipid vesicles. Reconstituted pp6Ov-sF retained tyrosine kinase activity and was integrally associated with the liposome through a 10-kilodalton (kDa) amino-terminal domain. The same 10-kDa domain was shown to anchor pp60vsrc to the plasma membrane of transformed cells. Reconstitution experiments performed with nonmyristylated pp6ov-sc proteins revealed that these polypeptides did not interact with phospholipid vesicles. In contrast, myristylated, soluble pp6Ov-sc molecules (including a highly purified pp6ov-src preparation) could be reconstituted into liposomes, but their interaction with the liposomal bilayer was not mediated by the 10-kDa amino-terminal domain. When membrane proteins were included during reconstitution of purified pp6-src, binding through the 10-kDa anchor was restored. A model is presented to accommodate the different types of interactions of pp6Ov-src with liposomes; the model postulates the existence of an additional membrane component that anchors the pp60vsrc polypeptide to the phospholipid bilayer.
Cellular transformation by Rous sarcoma virus (RSV) is mediated by expression of the viral src gene product, pp60v-src (21), a 60,000-dalton (Da) phosphoprotein which exhibits tyrosine-specific protein kinase activity (6, 12, 22) . Cytological and biochemical studies have established that pp6Ov-src is predominantly membrane bound in transformed cells (14, 24, 25) ; the majority of the protein is associated with the plasma membrane, and a subpopulation is bound to intracellular membranes (32) . Membrane attachment of pp6Ov-sr, is apparently essential for expression of tumorigenicity, since viruses encoding mutant src proteins which do not become membrane associated do not transform cells (16, 23) .
The pathway for the biosynthesis of pp6ov-sr is different from that followed by many membrane-bound and secreted proteins. pp60-src is synthesized on free ribosomes (26) in soluble form (27) , and the nascent polypeptide chain has no hydrophobic amino-terminal signal sequence (40) . The primary sequence of pp6Ov-src contains neither long, uninterrupted stretches of hydrophobic amino acids (40) nor any potential sites for N-linked glycosylation (36) . However, newly synthesized pp6Ov-src is rapidly posttranslationally modified by covalent addition of the 14-carbon fatty acid myristate to the amino-terminal glycine residue (10, 35) . Transient formation of a cytosolic complex between pp6fiv-src and two cellular proteins, ppSO and pp9O, then occurs (5) , and it has been proposed that this complex serves as a vehicle for delivering newly synthesized pp6o0-src to the plasma membrane (4, 13) . The net result is that membrane association of myristylated pp6Ov-srC occurs within 15 min of synthesis (18) .
How does the pp6ov-src polypeptide interact with the phospholipid bilayer? If this association occurred directly through hydrophobic interactions between myristate and membrane lipid fatty acid side chains, one might predict that myristylation of pp6Ov-src would be sufficient for membrane association in vivo. However, experiments performed with t Dedicated to the memory of Bernard L. Resh. various src deletion or temperature-sensitive mutants (9, 18) have revealed that not all myristylated pp60-vrc proteins are membrane bound. Wild-type RSV-infected cells also contain small quantities of soluble pp60vsrc molecules, both in monomeric and pp50/pp9O complexed form, which are myristylated but not membrane bound (9) . Moreover, myristate is attached to soluble cytoplasmic proteins as well as to membrane proteins (1, 11, 28, 29) . These results imply that the mere presence of a myristic acid moiety on a protein does not guarantee per se that the protein will localize to the membrane.
To define the components needed to allow pp60vsrc to interact with the cell membrane, it is advantageous to develop an in vitro system tractable to manipulation in the laboratory. The lipid bilayer formed by artificial phospholipid vesicles is a widely accepted model of biological membranes (31) . The method of reconstitution, whereby a membrane protein is extracted with detergent and incorporated into liposomes, allows the study of that protein in an artificial environment in which structure, enzymatic activity, and interactions with other molecules can be extensively analyzed. In this paper, the question of whether pp6ov-src can bind directly to the lipid bilayer or instead requires other membrane proteins is addressed in a reconstituted system. Experimental conditions were established to support authentic reconstitution of membrane-bound pp6Ov-,rc from RSVtransformed cells into artificial phosphatidylcholine (PC) vesicles. Using these conditions, the interaction of myristylated and nonmyristylated pp6Ov-src molecules with liposomes was probed. The results of the experiments reported in this study strongly suggest that additional membrane components are involved in anchoring pp6ov-src to the phospholipid bilayer in both lipid vesicles and biological mem- branes.
MATERIALS AND METHODS Cells, viruses, and antisera. RSV-transformed vole cells (clone 1T) and RSV-infected chicken embryo fibroblasts were maintained in culture as previously described (32) .
Viruses tsNY68, NY315, and NY18-3 were generous gifts from H. Hanafusa (The Rockefeller University, New York, N.Y.). Viruses SDWT, SD10, and SD11 were kindly provided by M. Kamps (The Salk Institute, San Diego, Calif.). Antisera specific for pp6O-src and its amino-or carboxyterminal regions were used as described (34) .
Lipids and detergents. Egg PC was purified by successive chloroform-methanol, acetone, and ether extractions of yolks of one dozen Grade A white eggs (19) . Purified PC was suspended by homogenization in dH2O containing 5 mM 2-mercaptoethanol and was stored under nitrogen at -80°C.
Pi analysis was performed by the method of Ames (2) Further characterization of the reconstituted liposomes was obtained by negative staining and observation by transmission electron microscopy. Unilamellar phospholipid bilayer structures were detected with an average vesicular diameter of 1,000 A (100 nm).
Reconstitution from whole-cell lysates was achieved as follows. One 100-mm culture dish of vole cells or chicken embryo fibroblasts was rinsed with NTE, and the cells were scraped into NTE and collected by centrifugation at 3,000 x g for 5 min. The cell pellet was suspended in 460 ptl of NTE buffer, to which 50 pul of 90-mg/ml egg PC, 90 pul of 10% DOC, and 100 ,ug of aprotinin per ml were added. Subsequent steps were identical to those described above for membranes.
Reconstitution of purified pp6Ov-src was performed as follows. A 1-,ul sample of a highly purified preparation of pp6O -src (a generous gift of R. L. Erikson, Harvard University, Cambridge, Mass.) was phosphorylated with 1 pul of the catalytic subunit of cAMP-dependent protein kinase and [y-32P]ATP in a total volume of 50 pul of p60 monomer kinase buffer (100 mM KCl, 10 mM Tris, 5 mM MgCl2, 0.01% Nonidet P-40, 25 ,ug of bovine serum albumin per ml; pH 7.4) for 15 min at 20°C. The reaction was then adjusted to 1x NTE, and PC and DOC were added as described above.
Analysis of reconstituted liposomes. Vesicles collected from the top of the sucrose step gradients were treated with NaCl, EDTA, trypsin, chymotrypsin, Triton X-100, or DOC at the concentrations indicated in the figure legends and then reisolated by discontinuous sucrose gradient centrifugation.
In some instances, the VO fraction was treated directly with various reagents, and vesicles were isolated after sucrose gradient centrifugation. Results obtained by either procedure were nearly identical.
Analysis of pp6OvsI by immunoprecipitation and PAGE. Radiolabeled fractions were adjusted to RIPA buffer (10 mM Tris, 150 mM NaCl, 1% sodium DOC, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS]) at 4°C, immunoprecipitated with anti-p60 antiserum (34) , and analyzed by SDSpolyacrylamide gel electrophoresis (PAGE) as previously described (33) . Gels containing 35S-labeled samples were treated with 1 M sodium salicylate for 30 min. Dried gels were exposed to Kodak XAR-5 X-ray film with or without an intensifying screen at -80°C. The amount of radiolabel incorporated into pp6O -src was quantitated by excising the pp60 band from dried gels and counting it in 4 ml of liquid scintillation fluid. VOL. 8, 1988 MOL. CELL. BIOL. (34) , and the amount of radiolabel incorporated into autophosphorylated pp6Ov-src in the immune complex kinase reaction (12) Phosphorylated samples employed in domain mapping were first adjusted to 1% SDS and then to RIPA before immunoprecipitation with anti-amino-or anti-carboxy-specific pp6O-src antibodies (34) . Addition of 1% SDS served to enhance recognition of pp60v-src proteolytic fragments by the domain-specific antibodies. The immunoprecipitates were subsequently analyzed on 10 to 20% polyacrylamide gradient gels, along with low-molecular-weight protein markers (BioRad).
RESULTS
Incorporation of pp6O-src into liposomes. pp6Ov-sr exhibits the characteristics of an integral membrane protein which requires detergent solubilization for efficient extraction from the plasma membrane. A series of pilot experiments was conducted to establish optimal conditions for extraction of pp60v-sr from cell membrane preparations in enzymatically active form. Several different detergents (DOC, CHAPS, octylglucoside, Triton X-100) in various buffers and ionic conditions were assessed. Sodium DOC at concentrations of 1.5% (wt/vol) proved to be highly effective: greater than 95% of the pp60v-sr protein, as well as its tyrosine kinase activity, was solubilized from crude plasma membrane preparations. When DOC extractions were performed in buffer containing 100 mM NaCl (see Materials and Methods), pp60v-src was solubilized in monomeric form and showed no tendency to aggregate upon ultracentrifugation.
Reconstitution of pp60v-src was achieved by forming vesicles from detergent-and phospholipid-solubilized membrane proteins. Since the critical micellar concentration of DOC is relatively high (0.1%), rapid removal of detergent monomers by gel filtration (8) (Fig. 1) . The void volume (VO) fractions of the column contained 97% of the total pp60vsr-cspecific tyrosine kinase activity, 75% of the total PC, and less than 0.5% of the total DOC initially loaded on the column. Thus, Sephadex G-50 chromatography effectively removed greater than 99.5% of the detergent from the mixed detergent-protein-lipid micelles.
It should be noted that the use of gel filtration exploited separation based on size and did not separate unreconstituted, aggregated protein from protein reconstituted into PC vesicles. In fact, when detergent was removed from DOCsolubilized membrane protein suspensions formed in the absence of exogenous PC, pp6Ov-sr aggregated and eluted at the V0 of Sephadex G-50 and G-100 columns. Therefore, an additional separation step based on buoyant density was employed.
The VO fractions from the Sephadex G-50 column were overlaid with 30% sucrose and subjected to ultracentrifugation as described in Materials and Methods. When experiments were performed in the absence of exogenous PC, less than 0.1% of the total pp60v-src initially loaded at the bottom of a sucrose step gradient was recovered at the top of the gradient after ultracentrifugation ( Fig. 2A, lane 1) . The majority of the pp60v-sr (90 to 95%) was present as large aggregates in the gradient pellet ( Fig. 2A, lane 3) , with the remainder distributed throughout the 30% sucrose layer. In contrast, pp6Ov-sr' solubilized from cell membranes in the presence of DOC and PC cofractionated with the opalescent PC liposome band at the top of the sucrose step gradient, with decreased amounts in the pellet ( Fig. 2A, lanes 2 and 4) . Nearly 85% of the PC was recovered at the top of the gradient. Based on the total amount of pp60v-src loaded on the gradient (Fig. 2A , lane 5), it was calculated that 50 to 60% of the pp60v-sr molecules solubilized from RSV-transformed vole cell membranes were ultimately reconstituted into PC vesicles.
To ensure that cofractionation through a sucrose cushion accurately reflected interaction of pp60v-src with liposomes, more rigorous gradient conditions were utilized. depicts results obtaitied when reconstituted PC vesicles formed by Sephadex G50 chromatography were centrifuged to equilibrium through a 0-to-35% sucrose gradient. Nearly 80% of the pp6vsrc in the gradient cofractionated with the radiolabeled PC peak.
Optimal conditions for reconstituting pp6Ov-src were achieved by varying several experimental parameters. The time and temperature of the initial incubation of membranes with PC and DOC were altered from 5 min to 2 h at 4, 20, and 37°C; a 20-min incubation at 20°C was found to yield the best reconstitution conditions. Other lipids, besides egg PC, proved effective for pp6V-src reconstitution. Between 15 and 40% of the total pp6(-)src loaded on a sucrose step gradient was recovered at the top of the gradient when liposomes were formed with asolectin (crude soybean PC), endogenous whole-cell lipids, or endogenous membrane lipids (data not shown). Addition of 1 mM cholesterol to egg PC did not enhance incorporation of pp6(v-src into vesicles, compared VC to egg PC alone.
Other detergents besides DOC were tested in the reconstitution assay. The efficiency of reconstituting octylglucoside-solubilized pp60-'src with egg PC was approximately 30%. In contrast, less than 5% of the total pp6&vsrc solubilized with either CHAPS or 3-(3-chlolamidopropyl)dimethylammonio-2-hydroxy-1-propanesulfonate (CHAPSO) was incorporated into PC vesicles. The latter two dipolar ionic detergents exhibit structural similarity to the bile salts (such as DOC), but have been reported to be more effective at breaking protein-protein interactions. In summary, solubilization of pp6f4-src from cell membranes with DOC and PC, followed by gel filtration and sucrose density sedimentation, proved to be a highly efficient method for incorporating pp6v-src into liposomes. The region of the pp6Ovsrc molecule which anchors it to the bilayer was first determined for plasma membrane-bound pp60v-src. A cell membrane preparation phosphorylated as described above was incubated with or without chymotrypsin and then reisolated by ultracentrifugation, and the pellet and supernatant fractions were immunoprecipitated with antibodies specific for either the amino (anti-N)-or carboxy (anti-C)-terminal regions of pp6Ov-src (34) (Fig. 4A) . A low level of endogenous proteolysis was apparent in untreated membranes, resulting in the release of a 50-kDa fragment into the supernatant (Fig. 4A, lanes 1 to 4) ; this proteolytic event has been observed by previous investigators (41) . Incubation with chymotrypsin released peptides of approximately 50 and 30 kDa into the supernatant; these peptides were derived from the carboxy-terminal domain of pp6Ov-sr, because they were recognized by the anti-C but not the anti-N antibody (Fig. 4A, lanes 5 to 8) . Similar results have been obtained (27) for trypsin-treated membranes. Some sticking of the 50-and 30-kDa fragments to the membrane pellet was evident; these fragments were released when the membranes were washed. In contrast, a peptide with an apparent molecular size of 10 kDa remained firmly membrane associated after proteolysis. The 10-kDa fragment was immunoreactive with anti-N but not anti-C antibody (Fig.  4A , lanes 5 and 6) and contained both myristic acid and the Ser-17 phosphorylation site (verified by comparing the tryptic phosphopeptide obtained from the 10-kDa fragment with a tryptic phosphopeptide comprising the authentic Ser-17 phosphorylation site by high-performance liquid chromatography [unpublished data]). The 10-kDa fragment required detergent for release from the memnbrane and therefore represents a hydrophobic domain which anchors pp6Ovsr, to the cell membrane.
One would predict that authentic incorporation of pp60v-src into an artificial phospholipid bilayer would also be 4) or presence (lanes 5 to 8) of 100 ,ug of chymotrypsin per ml for 5 min at 20°C, centrifuged at 100,000 x g for 30 min, and separated into pellet (P) (lanes 1, 2, 5, and 6) and supernatant (S) (lanes 3, 4, 7, and 8) fractions. Each fraction was immunoprecipitated with anti-aminoterminal (lanes 1, 3, 5, and 7) and anti-carboxy-terminal (lanes 2, 4, 6, and 8) pp60vsrc-specific antiserum and analyzed by SDS-PAGE on a 10-to-20% acrylamide gradient gel, followed by autoradiography. (B) Limited proteolysis of reconstituted vesicles. Phosphorylated membranes were extracted with DOC and PC and reconstituted by gel filtration and sucrose gradient sedimentation.
Liposomes were incubated in the absence (lanes 1, 2, 5, and 6) or presence (lanes 3 and 4) of 80,ug of chymotrypsin per ml for 5 min at 20°C and reisolated by flotation through sucrose. After centrifugation, one sample was treated with chymotrypsin as described above (lanes 5 and 6). Each fraction was immunoprecipitated with antiamino-terminal (N; lanes 1, 3, and 5) or anti-carboxy-terminal (C; lanes 2, 4, and 6) antiserum and analyzed as described in the legend for Fig. 4A above. The positions of the molecular size standards are indicated with small arrows; large arrows denote intact pp6Ov-src and its 10-kDa (kd) amino-terminal fragment. (9, 18, 30) . Nonmyristylated pp6Ov-src molecules exhibit wild-type tyrosine kinase activity, but are predominantly cytoplasmic and do not transform cells. It was therefore of interest to determine whether a similar localization phenomenon could be reproduced in vitro using artificial liposomes. Accordingly, the reconstitution protocol was modified to accommodate the use of whole-cell lysates, thereby including both membrane-bound and cytoplasmic proteins (see Materials and Methods). Myristylated pp60-src extracted from wild-type Schmidt-Ruppin A RSV-infected chicken embryo fibroblasts was efficiently reconstituted into PC vesicles (Fig. 5, lanes 1 through 8) . In striking contrast, no detectable incorporation of nonmyristylated pp6v-src (src deletion mutant NY315; amino acids 2 to 15 deleted) (16) into liposomes was discerned (lanes 9 to 16). To control for possible differences in protein recoveries, the activity of 5'-nucleotidase, a plasma membrane marker enzyme (3), was monitored; no significant difference in the efficiency of reconstitution of 5'-nucleotidase was apparent between SchmidtRuppin A-and NY315-infected cells (data not shown).
To ensure that the result obtained with the NY315 src deletion mutant was due to the absence of myristate and not to aberrant effects of amino acid deletion, site-specific point mutants were also analyzed. Kamps et al. generated nonmyristylated mutant pp6fv-src by mutagenesis of the aminoterminal glycine codon to alanine (SD10/Ala) or glutamate (SDIl/Glu) (23) . When reconstitution of pp6v-src from SD10 and SD11 virus-infected chicken embryo fibroblasts was compared with that in cells infected with wild-type virus (SDWT), the results were identical to those presented in Fig.  5 ; the nonmyristylated pp6v-src point mutants did not associate with PC liposomes. Therefore, myristylation apparently plays an essential role in enabling pp6Ov-src to interact with artificial liposomes as well as biological membranes.
Soluble, myristylated pp6O-src molecules do not associate with liposomes through the 10-kDa domain. Wild-type and certain virus mutant-infected cells contain populations of pp6fjv-src molecules which are myristylated but not membrane bound (9) . One example is the viral mutant NY18-3, which encodes a soluble src protein with an internal deletion of amino acids 169 through 264 (18) . When NY18-3-infected chicken embryo fibroblasts were extracted with DOC and PC and subjected to the reconstitution procedure, approximately 5% of the total [35S]methionine-labeled pp60v-src in the cell lysate was reconstituted into PC vesicles. Although this small but detectable amount of the mutant pp60v-src was found associated with liposomes, it was important to determine whether this association was mediated by the 10-kDa amino-terminal fragment shown to anchor wild-type pp60v-src to membranes. However, due to the decreased levels of tyrosine kinase activity associated with NY18-3 pp60v-sr, (15) , it was difficult to incorporate equivalent amounts of 32p label into both the amino-and carboxyterminal regions of the molecule. Accordingly, an alternative source of myristylated, soluble pp60v-src was exploited.
Approximately 10% of the total pp60v-src in a wild-type RSV-infected cell is found in the cytoplasmic fraction after ultracentrifugation of cell lysates at 100,000 x g (32) . This S100 fraction from RSV-transformed vole cells was radiola- (lanes 1 and 2) or presence (lanes 3 to 14) of PC was carried out by gel filtration and sucrose density gradient centrifugation. The resultant liposomes were either left untreated (lanes 3, 4, 13, and 14) or treated with 0.5 M NaCl (lanes 5 and 6), 50 mM EDTA (lanes 7 and 8) , 20 p.g of chymotrypsin per ml (lanes 9 and 10), or 50 ,ug of chymotrypsin per ml (lanes 11 and 12) . After reisolation by ultracentrifugation through sucrose, one set of liposomes was treated with 50 p.g of chymotrypsin per ml (lanes 13 and 14) ; all samples were analyzed by immunoprecipitation with anti-N (odd-numbered lanes) and anti-C (even-numbered lanes) antisera, gel electrophoresis, and autoradiography. (B) RSV-transformed vole cell membranes (unlabeled) were added to phosphorylated, purified pp6O-sr' (after an EDTA quench) in the presence of DOC and PC. Liposomes collected after gel filtration and ultracentrifugation were left untreated (lanes 1, 2, 5, and 6) or treated with 50 p.g of chymotrypsin per ml (lanes 3 and 4) and were reisolated by centrifugation through sucrose. One set of liposomes was proteolyzed by direct addition of 50 p.g of chymotrypsin per ml (lanes 5 and 6), and all samples were processed as described above. Lanes 1, 3, and 5, Immunoprecipitation with anti-N serum; lanes 2, 4, and 6, immunoprecipitation with anti-C serum. Control experiments confirmed that no radiolabeling of the membranes occurred after quenching of the kinase reaction. (C) Lipids extracted from RSV-transformed vole cell membranes were added to phosphorylated, purified pp6Ov-src in the presence of DOC and PC. Experimental conditions were identical to those described for panel B. described above, and reconstituted with DOC and PC. The resultant PC vesicles contained 15 to 20% of the total 32P-labeled pp6Ov-src originally present. However, treatment of the reconstituted liposomes with chymotrypsin revealed that interaction of the S100 pp60v-sr with the vesicles was not mediated through the 10-kDa amino-terminal domain (not shown).
One might argue that most of the cytoplasmic pp6O-src, as well as the mutant NY18-3 pp6O-src, is held in the pp50/pp9O complex (4, 18) and might therefore be locked into a conformation that does not allow for authentic reconstitution. To address this issue, another source of soluble, myristylated pp60v-src was used. A highly purified preparation of pp60v-src (39) was phosphorylated in vitro with [_y-32PIATP and CAT under conditions in which pp6Ovsr" was maintained in a monomeric, nonaggregated form (39) . Reconstitution of this purified protein with PC and DOC resulted in association of approximately 50% of the total pp6Ov-sr' with liposomes in a salt-and EDTA-resistant manner (Fig. 6A) . However, as observed for S100 pp6Ov-src, purified pp6v-src was not anchored to the liposome bilayer through the 10-kDa aminoterminal domain, judging from the failure to recover a vesicle-associated 10-kDa fragment when liposomes were proteolyzed with chymotrypsin and reisolated (Fig. 6A,  lanes 9 to 12) . As a control, proteoliposomes were treated with chymotrypsin and analyzed directly (without reisolation) (Fig. 6A, lanes 13 and 14) . The 10-kDa fragment was clearly present (lane 13), even though it apparently does not anchor purified pp6Ov src to the liposome.
It was obviously of interest to determine whether one could convert incorrectly anchored pp6O-srs into a correctly anchored form by including membranes in the reconstitution mixture (Fig. 6B) . Purified pp64v-sr' reconstituted in the presence of nonradiolabeled transformed cell membranes now clearly interacted with the reconstituted liposomes through the 10-kDa amino-terminal domain (Fig. 6B, lanes 3  and 4) , an interaction identical to that observed for pp60vsr" in a biological membrane. In contrast, reconstitution of purified pp6Ov-src with transformed cell membrane lipids did not yield correctly anchored protein (Fig. 6C, lanes 3 and 4) .
These results strongly support the hypothesis that a protein component of the biological membrane is required to correctly anchor the pp6Ov-src polypeptide to the lipid bilayer.
DISCUSSION
In this paper, the interaction of pp60-src with biological and artificial membranes has been characterized. Using the method of reconstitution, pp6Ov-src was extracted from RSVtransformed cell membranes and efficiently incorporated into PC vesicles. Reconstituted proteoliposomes contained enzymatically active pp6Ov-src which was associated with the liposomes in a manner similar to its interaction with biological membranes. The artificial membrane system is thus a tool for studying the molecular basis for association of pp60v-src with the lipid bilayer.
Many of the experimental parameters for efficient reconstitution of pp6Ov-src were determined empirically. Although DOC, a bile salt detergent, was employed for the majority of the experiments, solubilization with octylglucoside, a nonionic detergent, was also successful. Moreover, the ability to reconstitute pp6Ov sr, into liposomes was not limited to the use of PC as the source of lipid, since endogenous lipid prepared from cells or membranes was also satisfactory. It is unlikely that pp6Ovsrc was binding to PC vesicles simply by attraction of negatively charged groups with the positively charged polar head group of PC because reconstituted protein was not released from the vesicles by high salt concentrations (Fig. 3) , no association of pp6Ov src with preformed PC vesicles was detected, and reconstitution occurred with heterogeneous lipid preparations (endogenous lipid).
Interaction of pp6ovsrc with lipid bilayers. Many membrane proteins are fully active only when they are inserted and correctly oriented in a lipid bilayer. For pp60vsrc, the functional correlate of membrane association in vivo is cellular transformation; only membrane-bound pp60v-src molecules transform cells (16 4B) , whereas liposomes formed with purified pp6Ov-src contain incorrectly anchored protein (Fig. 6A) . Inclusion of endogenous membrane lipids with purified pp6o0-sr during reconstitution still yields liposomes containing incorrectly anchored pp6Ov-sr, (Fig. 6C) . However, when cell membranes are included during reconstitution of purified pp60vsr, the resultant liposomes now contain correctly anchored pp6Ov-src (Fig. 6B) . The logical conclusion from these experiments is that a membrane protein influences the association of pp60-src with the phospholipid bilayer.
Several alternative explanations might be invoked to explain the failure of the purified pp6Ovs'r preparation to become properly anchored to liposomes. One might argue that the purified protein is present in aggregated form and that aggregated pp6Ov-src cannot be reconstituted via the 10-kDa amino-terminal domain. However, this possibility is unlikely on the basis of the fact that purified pp60"vs was maintained in monomeric form under defined buffer conditions (39) . If an endogenous membrane lipid were required for correct association of pp6Ovs'r with liposomes, one would expect addition of endogenous lipids to purified pp60-s" to restore authentic reconstitution. Nonspecific protein interactions did not influence the association of purified pp60vs" with vesicles, since no apparent difference was noted when the protein was reconstituted in the absence or presence of 25 ,ug of bovine serum albumin per ml (data not shown).
The fundamental question is whether the "authentic" binding exhibited by pp6Ovs'r in cell membranes and in reconstituted proteoliposomes is mediated through interaction with another membrane protein or by direct interaction of the pp60vs"' polypeptide with the lipid bilayer. It is possible that the presence of other membrane proteins merely stabilizes the formation of a particular conformation of pp6vs'' that is capable of direct interaction with phospholipids. Alternatively, the presence of other membrane proteins in reconstituted liposomes may alter the fluidity of the vesicle bilayer and thereby modulate the orientation assumed by pp60vsr'. The latter explanation has been advanced by Enoch et al. (17) for the binding of cytochrome b5 to phospholipid vesicles. Localized disruption of the regular packing in the phospholipid bilayer was apparently required for cytochrome b5 to correctly insert into liposomes (38 (40) . There is ample precedent in the literature for proteins being bound to membranes through interaction with another integral membrane protein (7, 37) , and further evidence suggests the interaction of pp60vsr' with cytoskeletal matrix proteins (20) . The fact that more pp60vsrc is localized to the plasma membrane than to other intracellular membranes (32) implies that interaction between a component of the plasma membrane and pp60vsrc may occur. The existence of such a membrane receptor for pp60vsrc remains to be demonstrated.
A model to describe interaction of pp6Ov-src with membranes and liposomes. Figure 7 is a schematic representation of a model which accounts for the results presented in this paper. Three different forms of interaction of pp60"vr' with artificial and biological membranes have been observed. Form I is exhibited by wild-type pp60vsr' in transformed cell membranes and in liposomes formed by reconstitution of transformed cell membrane proteins: pp60vsrc is anchored to the lipid bilayer through an amino-terminal 10-kDa region. Interaction is influenced by the presence of another membrane protein which serves to alter the conformation of pp60vsr" (Ia) or as a membrane anchor (Ib). Form II is exhibited by nonmyristylated, non-membrane-bound mutant pp60vsr" molecules (e.g., from mutant virus strains NY315, SD10, and SD11): no significant interaction with liposomes is detected. Finally, form III occurs when myristylated, "soluble" forms of pp60vsrc are reconstituted with PC and DOC (S100 pp6Ov-src, purified pp6Ov-src). Interaction LITERATURE CITED
